Mate choice can vary in response to internal or external conditions that alter the costs and benefits of being choosy. The relationship between mate choice and hybridization, however, is not well understood. An important influence on mate choice is the rate at which potential mates are encountered: low rates increase sampling costs, favoring reduced choosiness. We investigated the influence of conspecific encounter rate on female choice in a naturally hybridizing species of swordtail, Xiphophorus birchmanni. We exposed females to conspecific males, followed by either no delay or a long (24 h) delay before their next male encounter. In this second encounter, females were offered the choice of a heterospecific (X. malinche) male only or a choice between a conspecific and heterospecific male. When not given a choice between 2 males, females spent more time with the heterospecific following a long delay between male encounters than after no delay, suggesting a decrease in choosiness. When offered a choice between males, however, females preferentially associated with the conspecific, regardless of the time between male encounters. These results suggest that females are sensitive to conspecific encounter rate but may employ a sample-based (vs. standard-based) comparison tactic, which could make hybridization less likely. We also found that, contrary to our expectations, females with only the heterospecific male to choose from visited him more frequently following a long delay between male encounters than following no delay, possibly indicating an increase in sampling effort. Our study highlights the potential importance of context-dependent mate choice in animal hybridization.
INTRODUCTION

I
ndividuals can gain a variety of benefits from choosing among potential mates (Andersson 1994) . Mate choice, however, is also costly, imposing time, energy, and/or survival costs on choosy individuals. The costs and benefits of mate choice depend on the chooser's attributes and circumstance; as a result, variation in mate choice can arise in response to factors intrinsic to the chooser, such as age or experience (e.g., Kodric-Brown and Nicoletto 2001; Coleman et al. 2004) , reproductive state (e.g., Lynch et al. 2005; Uetz and Norton 2007) , condition (e.g., Burley and Foster 2006; Hebets et al. 2008; Holveck and Riebel 2010) , as well as social and environmental factors including the quality (e.g., Kvarnemo and Simmons 1999) , density (e.g., Shine et al. 2006) , or familiarity of potential mates (e.g., Simcox et al. 2005) , the operational sex ratio (e.g., Berglund 1994; Jirotkul 1999) , competition for mates (e.g., Fawcett and Johnstone 2003), predation risk (e.g., Forsgren 1992; Hedrick and Dill 1993) , habitat quality (e.g., Reynolds and Jones 1999; Hale 2008) , and season (e.g., Qvarnström et al. 2000; Borg et al. 2006) .
In many species, individuals respond to changes in the costs and benefits of mate choice by adjusting their level of choosiness, their mate preferences, their sampling strategy, or some combination thereof. For example, female fiddler crabs (Uca annulipes) become less selective as time constraints on successful reproduction increase (Backwell and Passmore 1996) ; female green swordtails (X. helleri) change their preference from long-sworded to short-sworded (less risky) males under greater perceived risk of predation (Johnson and Basolo 2003) ; and female pronghorns (Antilocapra americana) reduce their sampling effort, traveling shorter distances and visiting fewer males when they are in poorer condition (Byers et al. 2006) .
Typically, mate choice takes place among conspecifics; however, this is not always the case. The same dynamic conditions that produce variation in mate choice within species can also promote or inhibit mating among different species. For example, male western grebes (Aechmophorus occidentalis) increasingly pursue female Clark's grebes (Ae. clarkii) as opportunities to pair with conspecifics decline over the breeding season (Nuechterlein and Buitron 1998) , and female spadefoot toads (Spea bombifrons) become more permissive toward heterospecific (S. multiplicata) males when water levels are low, with low water levels giving the faster metamorphosizing hybrid tadpoles a higher chance of survival (Pfennig 2007) . Such studies are uncommon but important because, as is becoming increasingly apparent, animal hybridization can be a significant source of evolutionary change, capable of promoting, inhibiting, or reversing diversification (Seehausen 2004; Mallet 2005 Mallet , 2007 . Identifying how mate choice inhibits or facilitates hybridization is therefore important to our understanding of how diversity is lost or gained.
An important influence on mate choice is the rate at which potential mates are encountered (reviewed in Jennions and Petrie 1997) . Low encounter rates increase the costs of sampling, often resulting in a decline in choosiness (e.g., Alatalo et al. 1988; Milinski and Bakker 1992; Palokangas et al. 1992; Shelly and Bailey 1992; Berglund 1995) . Among hybridizing species, low encounter rates might promote the acceptance of heterospecifics. Indeed, a scarcity of conspecifics is considered a common cause of hybridization (e.g., Mayr 1963) , supported by the many observations of hybridization where one or both species are rare (e.g., Wirtz 1999; Randler 2002) . The influence of conspecific encounter rate on heterospecific mate choice, however, has not been investigated experimentally in any species.
Here, we investigate the influence of encounter rate on female mate choice in a naturally hybridizing species of swordtail, X. birchmanni. Xiphophorus fishes belong to the internally fertilizing live-bearing family Poeciliidae. The genus ranges from northeastern Mexico to Honduras, and many species occur in sympatry (Rauchenberger et al. 1990; Kallman and Kazianis 2006) . Although there is little to no intrinsic postzygotic isolation between species (Rosen 1960; Kazianis et al. 1996; Kallman and Kazianis 2006) , hybridization in the wild is uncommon (reviews in Kallman and Kazianis 2006; Schartl 2008) , and preferences for conspecifics as mates are a primary barrier to gene flow (Hankison and Morris 2002; Fisher et al. 2006; Kallman and Kazianis 2006; Fisher and Rosenthal 2010 ).
An exception to the rarity of hybridization observed elsewhere is the X. birchmanni-X. malinche species pair. These species occasionally hybridize at intermediate elevations of the Río Pánuco basin where their ranges meet, allowing for introgression across several broad hybrid zones Culumber et al. 2011) . Although females of each species are morphologically similar, males of each species differ with respect to several sexually dimorphic traits (Rauchenberger et al. 1990; Rosenthal et al. 2003) , for example, in the presence (X. malinche) or absence (X. birchmanni) of a long ''sword'' on the caudal fin. Males court by swimming in parallel with the female while raising their dorsal fin (Ryan and Causey 1989; Fisher and Rosenthal 2007) and will actively court females of either species (Rosenthal GG, personal observation) . Xiphophorus birchmanni exhibit preferences for conspecific over X. malinche olfactory and visual cues (Fisher et al. 2006; Wong and Rosenthal 2006) , and X. malinche females have been shown to prefer the olfactory cues of conspecifics over those of X. birchmanni (Rosenthal GG, unpublished data) , although choice tests with live males, allowing females access to large suite of male traits simultaneously, are lacking. As female X. birchmanni appear to act primarily as the maternal parent in hybrid crosses , we focus on mate choice in this species.
Xiphophorus birchmanni and X. malinche inhabit small shallow streams subject to seasonal flooding and drought (Rauchenberger et al. 1990) , which are likely to introduce substantial variation in female X. birchmanni encounter rates with both species. We predicted that as encounter rates with conspecific males decreased, females would become less choosy, discriminating less against heterospecific males. We were also interested in whether encounter rate affected female sampling effort, independent of choosiness. In addition to, or as a consequence of, declining choosiness, individuals facing high costs of sampling may reduce their sampling effort; for example, reducing the time, energy, and/or number of potential mates involved (e.g., Dale et al. 1992; Byers et al. 2006; Dunn et al. 2008 ; but see Hovi and Rätti 1994) . We therefore investigated whether females experiencing low encounter rates with conspecific males subsequently made fewer male visits than when encounter rates were high, which could suggest reduced investment in sampling effort.
The extent to which encounter rates with conspecific males influence female acceptance of heterospecific mates may depend on female sampling strategy. Sampling tactics fall into 2 general classes (reviewed in Uy et al. 2001; Leonard and Hedrick 2009 ): sample-based, where females compare among males, and standard-based, where females compare males against an internal standard. If female X. birchmanni use a sample-based tactic, then they might only accept heterospecifics when preferred (conspecific) mates are unavailable. If, however, females use a standard-based tactic, then heterospecifics that meet that standard will be acceptable regardless of whether conspecifics are also sampled. We therefore conducted 2 sets of experiments designed to reveal the sampling tactic females use.
MATERIALS AND METHODS
Xiphophorus birchmanni of both sexes were collected from the same location within the Río Garces (lat 20°56#24$N, long 98°16#54$W), Hidalgo, Mexico and X. malinche from the Arroyo Xontla (lat 20°55#26$N, long 98°34#35$W) near Chicayotla, Hidalgo (Culumber et al. 2011 (Culumber et al. ) between 2008 (Culumber et al. and 2009 . Females used in this study, all sexually mature, were either wild-caught individuals (n ¼ 20) or their first-generation descendants (n ¼ 12). We did not identify relatedness of subject females, and some first-generation descendants may have been sisters or daughters of wild-caught subjects. Females were group housed in isolation from males for at least 2 weeks before testing to standardize prior experience of females and encourage receptivity (e.g., Morris et al. 1996) . In many taxa, including other poeciliids (e.g., Kodric-Brown and Nicoletto 2001; Morris et al. 2006) , female choice can vary according to female age, condition, reproductive status, or experience (reviewed in Jennions and Petrie 1997) . In Xiphophorus, females breed continuously (e.g., Ryan et al. 1990; Urbano-Amilpa 2006) , and, in X. nigrensis, neither receptivity nor preference varies over the reproductive cycle (Ramsey et al. 2011) . To control for the unknown variation among females in reproductive status and other potentially influential factors both within and between experiments, we assigned females randomly to each experiment and used within-subject designs. In addition, female length (a correlate of age in Xiphophorus, Kallman 1989; Marcus and McCune 1999) did not differ significantly between experiments (Experiment 1: 41.56 6 3.06 mm, Experiment 2: 41.12 6 4.20 mm; 2-sample t-test, t ¼ 0.356, P ¼ 0.734), controlling for size/age differences between experiments.
We used a single 76 3 30 3 30 cm aquarium for conducting mate choice tests. Following Cummings et al. (2003) , we created a light environment approximating that of natural Xiphophorus habitat. Two filtered 500 W halogen lamps provided downwelling light, and the sides of the aquarium, lined with Teflon and filter gels, provided diffused horizontal irradiance. Aquarium water was conditioned (Prime; Seachem Laboratories Inc., Madison GA) and carbon-filtered before use. The aquarium was emptied, rinsed, and dried between trials.
Experiment 1-''no choice''
Before testing, each subject female (n ¼ 18) was individually placed into an ''encounter tank'' (61 3 31 3 51 cm), containing 7 randomly chosen conspecific males. The same 7 males were used throughout the study to standardize the exposure of all the females. A clear porous barrier between the sexes permitted olfactory and visual contact while preventing physical interactions. After 24 h, females were removed and tested either immediately or after 24 h in their home (female-only) tank. These 2 delay periods (0 or 24 h) simulated variation in encounter rate with conspecifics.
On testing, individual females were presented with a heterospecific X. malinche male and a conspecific female, each selected at random. Each stimulus fish was isolated at opposite ends of the experiment tank behind a clear porous barrier, allowing the subject female access to both visual and olfactory cues. This design (hereafter referred to as the ''no choice'' design) allowed us to evaluate female response to a heterospecific male in the absence of any conspecific male. The added presence of a conspecific female stimulus, however, controlled for female motivation to shoal (see Wong and Rosenthal 2005) . Females could traverse through 3 zones: 2 adjacent to each stimulus fish compartment (''association zones'') and a middle ''neutral'' zone containing a small central shelter. Following a 3-min acclimation period, we recorded female association time with each stimulus fish for 10 min. One trial was excluded from analysis because the female spent over half the time hidden beneath the shelter. Association time is a reliable measure of mate choice and reproductive success in Xiphophorus (Ryan et al. 1990; Cummings and Mollaghan 2006; Walling et al. 2010) . A change in the proportion of time spent with the heterospecific male over the 2 encounter rate treatments can be interpreted as a change in female choosiness. We also recorded the number of visits made to the male, calculated as the number of transits from the female to male association zone, as a measure of sampling effort. We used the automated video tracking system Ethovision XT (version 5.0, Noldus Information Technology, Wageningen, The Netherlands) for data collection.
Each female was tested twice, once at each delay period, with at least 7 days between treatments. This within-subjects design allowed us to control for unknown variation among females. The same stimulus pair was used for both tests (i.e., held constant within females), controlling for variation among stimuli in attributes independent of species that could potentially influence choice (e.g., condition); however, no stimulus fish was used with more than one subject. Treatment order was randomized across females to control for order effects.
Experiment 2-''choice''
The second experiment was conducted in the same manner as Experiment 1, except that an unfamiliar randomly chosen conspecific male replaced the female conspecific stimulus. This allowed subject females (n ¼ 18, 4 of which had also been subjects in Experiment 1) a choice between 2 males: 1 conspecific, and 1 heterospecific. Because of a limited number of male stimulus fish, each stimulus pair was used to test 2 subject females. In this experiment, number of visits was calculated as the number of transits between association zones in either direction (i.e., from either male to the other). In 3 cases, females spent 1 of their 2 trials hidden beneath the shelter for over half of the trial; these 3 trials were excluded from analysis.
Statistical analyses
To investigate changes in choosiness, we calculated the proportion of total association time spent with the heterospecific male. We used linear mixed models, fitted using restricted maximum likelihood estimation, to test for an influence of encounter rate treatment on the proportion of time spent with the heterospecific. Female subject ID and, in Experiment 2, male stimulus pair ID were included as random effects to accommodate nonindependent (repeated) measures and any unmeasured but potentially influential attributes of male stimuli. We included trial number (i.e., whether it was a female's first or second trial) as a covariate. Here and elsewhere, in considering the biological relevance and low complexity of the full model, we chose to present the full model rather than use informationtheoretic or other statistical methods of model selection, although selection via the Akaike information criterion does not change the overall interpretation. Diagnostic plots of model residuals were used to examine model assumptions. In analysis of each experiment, 2 observations had high influence (Cook's D . 4/(n2k21); Fox 1997); however, refitting the model with the influential observations excluded did not qualitatively change the results. We therefore report the results of analyses with the influential observations included.
In Experiment 2, we also tested whether females exhibited a conspecific male preference (independent of any changes in choosiness with treatment; see above). To do so, we constructed a linear mixed model with association time (squareroot transformed to satisfy the model assumption of residual homogeneity of variance; Zar 1974) as the dependent variable and male species and encounter rate treatment as fixed effects. Trial number and random effects (female subject ID, male stimulus ID) were included as before. Refitting the model excluding 3 influential observations did not qualitatively change the results.
We next investigated the influence of encounter rate on the number of male visits made by the female. In both experiments, the number of visits was uncorrelated with the proportion of time spent with the heterospecific male (Pearson correlation coefficients ¼ 20.11 and 0.04), which indicates that the independent analysis of these 2 variables is appropriate. We modeled number of male visits (square-root transformed) using linear mixed model procedures, specification of covariates and random effects, and significance testing as described above.
As conventional significance testing is problematic in mixed model analysis (primarily due to uncertainty regarding degrees of freedom, see Pinheiro and Bates 2000), we used Markov Chain Monte Carlo sampling (10 000 samples) to generate P values and 95% posterior density credibility intervals from the posterior distribution of parameter estimates (Baayen et al. 2008) . To test the significance of random effects, we implemented exact restricted likelihood ratio (RLR) tests. Modeling and significance testing were conducted using the lme4, languageR, and RLRsim libraries of the programming language R (R Development Core Team 2010).
RESULTS
Experiment 1-''no choice''
Females significantly increased both the proportion of time spent with (Table 1; Figure 1a) , and the number of visits made to (Table 1; Figure 1b) , the heterospecific male after experiencing a 24-h delay between male encounters compared with when they encountered conspecific males immediately preceding testing. There was no significant effect of trial order (Table 1) nor female subject ID (RLR tests, all P . 0.370) in either analysis.
Experiment 2-''choice''
When both a conspecific and heterospecific male were presented to females, females spent significantly more time with the conspecific (mean association time (s) 6 standard error: 224.9 6 18.7 vs. 167.0 6 18.0; Table 2 ). There was no influence of encounter rate treatment or trial order on either the proportion of time females spent associating with the heterospecific (Table 1; Figure 1a ) or the number of visits made to the males (Table 1; Figure 1b) . Female subject ID and male stimulus pair ID were not significant in any analysis (RLR tests, all P . 0.368)
DISCUSSION
When females had only the heterospecific male available for evaluation, they devoted a greater proportion of their time to the male following a 24-h delay between male encounters than they did when conspecific males had been encountered immediately preceding testing. This is consistent with other theoretical and empirical studies that document a decrease in choosiness with decreasing mate densities or encounter rates (e.g., Wilson and Hedrick 1982; Crowley et al. 1991; Milinski and Bakker 1992; Palokangas et al. 1992; Shelly and Bailey 1992; Berglund 1995; Kokko and Rankin 2006) . Unlike previous studies however, we have shown that encounter rates with conspecifics can influence female choice in the context of hybridization. These results lend support to the view that hybridization may often be the outcome of a conditional mate choice strategy (e.g., Wilson and Hedrick 1982; Pfennig 2007; Wiley et al. 2007 ).
The decline in choosiness apparent in the first experiment was not observed in the second, when both the conspecific and heterospecific male were simultaneously assessable by females. Females preferentially associated with the conspecific regardless of when conspecifics had last been encountered. Taken together, the results from both experiments imply that females use, or are at least capable of, sample-based comparison of potential mates during mate sampling, as opposed to being limited to evaluation according to an internal template or threshold. A similar comparison mechanism has also been reported in X. helleri (Royle et al. 2008) . Whether female X. birchmanni comparatively evaluate potential mates in the wild is not known. Xiphophorus birchmanni do, however, occur in high-density mixed-sex groups (Wong and Rosenthal 2005) and in many circumstances likely encounter multiple males over short periods of time and space. The capacity for samplebased comparison may therefore limit the conditions under which heterospecifics would be accepted as mates in the wild.
Female X. birchmanni are likely to experience substantial variation in encounter rates with conspecific and X. malinche males. Seasonal flooding and drought dramatically alter Xiphophorus habitat, greatly affecting the frequency of heterospecific interactions (e.g., Gordon 1953; Borowsky 1981; Tatarenkov et al. 2010) . Females facing low encounter rates with conspecific males, for example, due to flooding, migration into heterospecific habitat, or isolation in small droughtproduced pools, may become less choosy as a result. The frequency of hybrids and parental species vary substantially among stream reaches (Culumber et al. 2011) . Along with other conditions that reduce female X. birchmanni discrimination against X. malinche males, such as environmental pollution (Fisher et al. 2006 ) and predation risk (Willis PM, Ryan MJ, Rosenthal GG, unpublished data), low encounter rates with conspecifics may increase the probability of hybridization. Natural temporal and geographical variation in conspecific encounter rates and the frequency of hybrids provide an opportunity to test this hypothesis in the wild.
A less well-studied response to increasing costs of mate sampling is a reduction in sampling effort (in addition to, or as a consequence of, decreased choosiness). For example, under perceived risk of predation, male and female amphipods (Gammarus duebeni) decrease their sampling effort, encountering fewer conspecifics, and become more permissive, rejecting fewer potential mates (Dunn et al. 2008) . In contrast, we found that with only a heterospecific male available, females visited the heterospecific more frequently following a long delay after encountering conspecific males than they did after a short one. This increase in the number of visits cannot be explained by the accompanying increase in the proportion of time spent with the male, as these 2 measures are uncorrelated. The increase in visits could suggest that females without recent encounters with conspecific males were more motivated to find a male and consequently invested more effort in sampling (e.g., Hovi and Rätti 1994) . This explanation, however, fails to explain the lack of a corresponding increase in visits in the second experiment, where females had a choice between males. Nor was an increase in association time with either male stimulus observed in the second experiment following the long delay treatment, which might also be expected if females were more motivated. Perhaps, females were prepared to invest more in sampling following the long delay treatment in both experiments, but this willingness was only apparent in the absence of a preferred (conspecific) male, which, once encountered, might reduce or eliminate further sampling behavior. Alternatively, it is possible that the conspecific female stimulus (introduced opposite the heterospecific male, to control for shoaling behavior), present only in the first experiment, elicited an increase in visitation behavior by females following the long delay treatment, relative to the short delay treatment. Future studies are needed to determine how environmental influences on mate choice affect female sampling effort.
Female choice in many taxa can be influenced by several factors, not all of which could be addressed in the present study. One important consideration is variation among females: for example, differences in age, condition, reproductive status, or mating experience can contribute to variation in mate choice (reviewed in Jennions and Petrie 1997) . How these factors influence choice in X. birchmanni is unknown. In other species of Xiphophorus, female size/age has been shown to influence preference (e.g., Morris et al. 2006; Rios-Cardenas et al. 2007 ), whereas in X. nigrensis, reproductive cycle has not (Ramsey et al. 2011) . Although individual variation among females Table 1 Linear mixed models of parameter effects on proportion of association time spent with the heterospecific male and number of visits made to the male(s) in choice tests with only a heterospecific male to choose from (n 5 18) or with a choice of conspecific or heterospecific male (n 5 18) was controlled for in the present study (see ''MATERIALS AND METHODS''), low samples sizes limited our ability to evaluate the effects of multiple additional variables. Studies that test the influence of multiple variables on female choice of heterospecifics are encouraged. Another limitation of the present study is in the use of dichotomous-choice tests: Although they have several advantages, they also have limitations (Wagner 1998) . For example, physical interactions between the sexes, or between males, are prevented, evaluation is limited to 2 nonsequential alternatives, and evaluation time is fixed; all of which may be unrealistic conditions for mate choice in the wild. These limitations highlight opportunities for future research. In many animal species, hybridization, when present, often occurs when one or both parental species are rare (Mayr 1963; Wirtz 1999; Randler 2002) . Although low encounter rates, and other factors that increase the costs of mate sampling, predict an increase in heterospecific mating among potentially hybridizing species (Wilson and Hedrick 1982) , there are few theoretical and empirical studies devoted to this topic. The implications, however, are not trivial: Variation in mate choice cannot only influence trait evolution and speciation through sexual selection in the conventional sense, it might also, by introducing genetic novelty into hybridizing populations, lead to reticulate evolution, reverse speciation, hybrid speciation, or adaptive radiation (see Seehausen 2004; Mallet 2005 Mallet , 2007 Schwenk et al. 2008; Seehausen et al. 2008) . Although the number of individuals that actually hybridize within a species is often low, the occurrence of rare hybridization events can nonetheless greatly impact the evolutionary fate of lineages (Arnold 1997; Schwenk et al. 2008) . Evidence of introgressive hybridization in animals is rapidly increasing (Mallet 2005; Schwenk et al. 2008) . Studying the factors that contribute to variation in mate choice can broaden our understanding of the processes contributing to the loss or gain of diversity. 
